Abstract. The magnitude of genetic differences among and heterogeneity within globe artichoke cultivars is unknown. Variation among individual heads (capitula) from three artichoke cultivars and two breeding populations were evaluated using RAPD markers. One vegetatively propagated cultivar ('Green Globe'), two seed-propagated cultivars ('Imperial Star' and 'Big Heart') and two breeding populations were examined. Two to thirteen polymorphic bands were observed for 27 RAPD primers, which resulted in 178 scored bands. Variation was found within and among all cultivars, and breeding populations indicating that all five groups represent heterogeneous populations with respect to RAPD markers. The genetic relationships among individual genotypes were estimated using the ratio of discordant bands to total bands scored. Multidimensional scaling of the relationship matrix showed five independent clusters corresponding to the three cultivars and two breeding populations. The integrity of the five clusters was confirmed using pooled chi-squares for fragment homogeneity. Average gene diversity (Hs) was calculated for each population sample, and a one-way analysis of variance showed significant differences among populations. 'Big Heart' had an Hs value equivalent to the two breeding populations, while clonally propagated 'Green Globe' and seed propagated 'Imperial Star' had the lowest Hs values. The RAPD heterogeneity observed within clonally propagated 'Green Globe' is consistent with phenotypic variability observed for this cultivar. Overall, the results demonstrate the utility of the RAPD technique for evaluating genetic relationships and contrasting levels of genetic diversity among populations of artichoke genotypes.
The artichoke (Cynara scolymus) is an outcrossing diploid, 2n = 2x = 34 (Foury, 1967) but its worldwide production is dominated by vegetatively propagated cultivars. Seed-propagated cultivars are rare, as relatively few populations have been developed with commercially acceptable phenotypic uniformity. Knowledge regarding genetic differences among and the magnitude of heterogeneity within cultivars would be useful in plant breeding programs designed to develop more uniform seed-propagated cultivars. Moreover, knowledge of genetic diversity can be used to monitor changes in variability due to prolonged selection and diversity in commercial cultivars where low phenotypic variability is preferred. However, the levels of variation within and among artichoke cultivars is generally unknown. Furthermore, there is almost no knowledge of the overall genetic structure of the artichoke germplasm. Two studies have reported related information. Stevens et al. (1990) evaluated several genera of related thistles, including Cynara, for polyacetylenes. Although their intent was not to study systematic relationships among these genera, the data show considerable variation among genera for these compounds. Hammouda et al. (1993) observed variability among cultivars of artichokes based on HPLC data.
Genetic relationships based on molecular markers have been consistent with expectations based on pedigrees and breeding behavior in many crop species (dos Santos et al., 1994; Nienhuis et al., 1993; Smith et al., 1990) . Estimates of genetic variability among genotypes can be obtained using conventional molecular techniques, such as analysis of seed proteins and isozymes; however, results of these analyses often do not reveal sufficient polymorphism to detect genetic variability among genotypes (Goodman and Stuber, 1980; Smith, 1984) . The PCR-based RAPD (Williams et al., 1990 ) molecular markers are relatively easy to generate and inexpensive. Reliability of RAPD bands has been questioned by Smith et al. (1994) , Thormann et al. (1994) , and Weeden et al. (1992) . However, others have found that RAPD data can be reliably generated and scored. Dos Santos et al. (1994) showed that the results of an RFLP analysis of genetic relationships among Brassica oleracea genotypes was consistent with genetic relationships based on RAPD data. Furthermore, the scoring error frequencies were equivalent for the two types of marker data. Skroch and Nienhuis (1995b) and Spooner et al. (1996) showed that the frequency of random errors, regardless of source, was low (≤2%) among replicate DNA samples scored for RAPD markers.
The objectives of this study were to 1) measure genetic relationships among samples of individuals from five artichoke populations, including three artichoke cultivars, using RAPD molecular markers, 2) determine the genetic integrity of each of the five groups of individual genotypes, and 3) contrast the observed degree of genetic variability within each of the five groups.
Materials and Methods
Germplasm. Individual heads (capitula) from three commercial cultivars and two breeding populations were used in this study (Table 1) . 'Green Globe', which recently accounted for more than 85% of the artichoke production in the United States (California Artichoke Advisory Board, personal communication), is com-posed of an unknown number of phenotypically similar clones selected within the California industry from germplasm introduced from southern Europe in the nineteenth century. Significant variability for yield and other traits exists among individual clones within 'Green Globe' (De Vos, 1986) . The clonally propagated cultivar Green Globe should not be confused with genetically unrelated, seed-propagated cultivars of the same or similar name. The two breeding populations examined in this study, '5473' and '5931', are half-sib families obtained through three and four generations, respectively, of recurrent half-sib selection. Both were derived from an original parent population composed of 100 high-yielding 'Green Globe' clones as described by De Vos (1986) . 'Imperial Star' (Schrader and Mayberry, 1992) and 'Big Heart' are seed-propagated cultivars derived from germplasm developed by J.A. Principe, USDA-ARS, Brawley, Calif. Both cultivars are well adapted to southern California; however, their internal quality and gross morphology deviate substantially from 'Green Globe'. 'Green Globe', '5473', and '5931' were sampled by harvesting single capitula from individual plants chosen randomly. Capitula of 'Imperial Star' and 'Big Heart' were obtained from commercial production fields following bulk hydro-cooling and grading. Capitula were arbitrarily picked from four distribution packs for each of these two cultivars.
DNA isolation. Fresh capitulas were stored at 4 to 8 °C for 1 week and bracts were taken from each sampled capitula, frozen in liquid nitrogen, and then ground with dry ice in a Braun coffee grinder. Ground tissue was combined with CTAB (cetyltrimethylammonium bromide) extraction buffer (Rogers and Bendich, 1988) , and DNA was extracted as described in Skroch and Nienhuis (1995a) . RAPD reactions were performed using the methods of Skroch and Nienhuis (1995a) .
Primer selection. An arbitrary set of four genotypes representing four of the five populations was evaluated for polymorphism using 96 10-base RAPD primers (Operon Technologies, Alameda, Calif.). Twenty-seven primers were selected based on the clarity of polymorphic bands. Operon primers A1, A2, A4, A5, A7, A8, A9, A10, A12, A13, A16, A18, A19, B1, B4, B5, B10, B11, B12, B14, B17, C8, D15, D16, D20, E12, and E14 were used in the analysis.
Genetic relationship. Co-migrating polymorphic fragments ranging from 0.3 to 2.2 kb were scored for presence (1) or absence (0). This structure of co-migrating fragments with the presentabsent states will henceforth be termed a band. Genetic distance (GD) among the 33 individuals was estimated as the complement to the simple matching coefficient (Gower, 1972) . A 33 × 33 genetic distance matrix was fitted in two dimensions using the Kruskal monotonic multidimensional scaling (MDS) procedure in Systat 5.2 (Wilkinson, 1992) . For a detailed discussion of the MDS procedure see Young (1987) .
Band correlation. The magnitude of the simple linear correlation coefficient (Steel and Torrie, 1980) was computed for all pairwise comparisons of polymorphic bands. A reference distribution was generated by randomizing the genotypes within each band, simulating genetic equilibrium. A one-way analysis of variance for distribution of means was performed as well as Levene's and O'Brien's tests of homogeneity of variance (SAS Institute, 1994) .
Sampling variance. Sampling variance for GD was measured for within and among population comparisons. For each sample size (10 to 150 bands), 400 random bootstrap samples (sampled with replacement) were independently evaluated. The mean GD was calculated among all possible genotype pairs for each bootstrap sample. The variance among all 400 bootstrap samples for each sample size was evaluated by dividing the standard deviation for each genotype pair with its mean GD, yielding the coefficient of variation (CV) for that genotype pair. Subsequent summation of all CVs, for specified n, and division by the total number of genotype pairs contrasted, resulted in a mean CV for within and between population comparisons . Alternatively, variances and CVs for genetic distance estimates can be obtained without bootstrapping using the formula for sampling variance given by Skroch and Nienhuis (1995b) . Population integrity. For each pairwise comparison of populations, difference was measured based on individual marker frequency differences. The significance of these observed differences was tested using the chi-square test of goodness of fit (Snedecor and Cochran, 1967) (SAS Institute, 1994) . Populations were evaluated pairwise for each band. The mean fragment frequency became, under the null hypothesis, the expected fragment frequency. A band was regarded polymorphic if the mean fragment frequency was not fixed (i.e., 1 or 0). Chisquare values were pooled over all polymorphic bands. Degrees of freedom were similarly pooled. Bands with a high degree (>20%) of missing data were excluded. Degrees of freedom for a paired contrast were lost if the expected value (frequency × number of individual plants) fell below one. All such observations were grouped into a single class with one degree of freedom (Snedecor and Cochran, 1967) .
Genetic diversity.
A genetic model of a single locus with two alleles was assumed for each band. Genetic diversity for each population sample was estimated using Nei's gene diversity at a locus, Hs (Nei 1987) . For a single locus, gene diversity reduces to 2pq for a two allele system, where p and q are the frequencies of the alternative RAPD amplification states or alleles. Since artichokes are outcrossing and a high degree of heterozygosity was expected, allele frequencies were estimated based on genotypic frequencies. For each RAPD the frequency of the null or homozygous recessive, RAPD genotype, showing absence of amplification, was assumed to be q 2 , the squared frequency of the null RAPD allele. To reduce bias due to small sample size, q was obtained using Lynch and Milligan's (1994) formula. Computation of p was obtained by subtraction (p = 1 -q). A one-way analysis of variance for cultivar differences was performed for Hs, the mean number of polymorphic bands per primer, and Hs using only bands polymorphic within population samples. Fisher's LSD was used to identify specific differences.
Eight, seven, six, seven, and five clones were evaluated for '5473', 'Big Heart', '5931', 'Imperial Star', and 'Green Globe', respectively. Thus, since unequal sample sizes were used, an additional analysis was performed to determine whether unequal sample size had biased the results of the first analysis. The five Fig. 2 . Relationship between coefficients of variation (CV) and RAPD band sample size for genetic distances between artichoke genotypes computed for pairwise comparison of genotypes within the same population sample and genotypes sampled from different populations. The mean genetic distance computed for pairwise comparison of individuals within populations was 0.16 and between populations was 0.40. populations were compared for samples of five genotypes, which was the largest sample size that could be uniformly applied across populations. There are 56 unique subsets of five individual clones from '5473', 21 from 'Big Heart', 6 from '5931', 21 from 'Imperial Star' and only 1 from 'Green Globe'. Thus, there are a total of 56 × 21 × 6 × 21 × 1 = 148,176 possible unique combinations of samples containing five individuals from each population. ANOVAs were computed (as described above for Hs) for a random sample of 2000 of these 148,176 possible unique combinations.
Results and Discussion
RAPD polymorphisms. Twenty-seven primers were scored for 2 to 13 polymorphic bands per primer, resulting in a total of 178 bands. The best four primers, A10, A12, A18, and B17 accounted for 13, 11, 10, and 10 RAPD bands respectively. At least one polymorphic RAPD was found for all 528 pairwise comparisons of genotypes. All but one pair of genotypes differed for at least three bands and all but three pairs of genotypes differed for at least five polymorphic RAPD bands. These results indicate that RAPD marker variation can be easily detected within and among artichoke cultivars and indicates that the three cultivars and the two breeding populations used in this study should be considered genetically heterogeneous populations, with respect to RAPD markers.
Independence. The mean correlation among all bands was 0.29 ( Fig. 1, dashed line) . In the absence of mapped markers, 28 perfectly correlated band pairs were assumed to represent the same region of the genome. One member of each perfectly correlated pair was excluded from all subsequent analyses, resulting in 150 unique bands with a mean correlation of 0.26 (Fig. 1, solid line) . The assumption that perfectly correlated markers (over 33 genotypes divided into 5 independent populations) represent linked loci seems justified considering the outcrossing nature of artichokes and the low likelihood of two unlinked markers having a perfectly correlated distribution in a segregating population. An excess of perfectly correlated RAPD band pairs was similarly reported by Skroch and Nienhuis (1995a) , and random sets of RAPD markers have been found to cluster on the bean genetic map (P. Skroch, personal communication). The observed independence was compared to a reference population simulating genetic equilibrium, which had a mean correlation of 0.15 (Fig. 1, gray area) . A one-way analysis of variance indicated significant differences among the mean correlations. A pairwise t test between the mean correlation for all and unique bands was significant. Tests of homogeneity of variance also indicated highly significant differences among the three distributions. The distribution shows that removal of correlated bands increases the level of independence. However, as would be expected for a population that is not in random mating equilibrium, greater correlation among the bands was still present relative to the reference population.
Sampling variances. Sampling variance associated with genetic relationships occurs when discrepancies between a random subset of molecular marker loci and all available loci are detected . Relationships among populations evaluated with 150 bands yielded a CV of about 10 % (Fig. 2) . For genetic distances computed for within population comparisons, the corresponding mean CV was 18.45%, based on all 150 RAPD bands. This reduced level of precision can be attributed to fewer polymorphic bands available and the reduced level of polymorphism within any one population. The results suggest that to establish genetic relationships within populations, additional primers would have to be evaluated. An estimate of 510 polymorphic bands would be required for a 10% CV based on the logarithmic transformation of the values plotted in Fig. 2 . However, even for small populations, this would be an impractical number of markers to evaluate. An alternative strategy for improving the precision of genetic distance estimates for relatively closely related genotypes would be to preselect sets of markers polymorphic within the targeted subpopulation. Fewer markers would then have to be evaluated since distances among genotypes would be greater, similar to distances among population samples in this study, and CV s would more rapidly decrease with band sample size, as shown in Fig. 2 .
Genetic relationships. The relationships among sampled capitula were displayed based on an MDS analysis of the 33 × 33 matrix of genetic distances (Fig. 3.) . The proportion of variance explained by the first two MDS dimensions (R 2 ) was 97.8% with a stress factor of 0.097, which indicates a relatively good fit between the two dimensional representation of relationships among genotypes and the original distance matrix. Inspection of the MDS plot showed five discrete clusters corresponding to the five populations. The first dimension indicated two major groups: one including 'Green Globe', '5473', and '5931' and the other including 'Imperial Star' and 'Big Heart'. The second dimension separated these two major groups into five discrete clusters. This result is consistent with the known pedigree of the breeding populations, '5473' and '5931', with their parents consisting of high-yielding clones from 'Green Globe'. Moreover, 'Green Globe' is known to be morphologically distinct from 'Imperial Star' and 'Big Heart'. Population integrity. Germplasm identification is important for protection and monitoring of proprietary cultivars or breeding populations. Note that none of the sampled individuals in this study had identical RAPD profiles. Thus, a unique RAPD fingerprint exists for each individual sampled in this study. However, variation among individual genotypes also makes it more difficult to define unique RAPD profiles for the groups of individuals that make up cultivars or populations. To evaluate the uniqueness of population samples, fragment frequencies were compared, on a band-by-band basis, using pooled chi-squares (Table 2 ). These frequencies in essence define the population. All 10 pairwise comparisons of samples from the five populations were contrasted and all were significantly different. This result verifies the observed relationships revealed by the MDS plot, where 'Green Globe' is intermediate between '5473' and '5931' and all five populations form distinct clusters.
Alternatively, mean genetic distances could have been used to estimate differences among population samples (Nienhuis et al., 1993) . Mean genetic distances were computed (Table 2) . However, using genetic distance means is similar to using bulked tissue or tissue from a single plant (Nienhuis et al., 1993; Smith et al., 1990; Spooner et al., 1996; Thormann et al., 1994) to determine population identity because it masks population heterogeneity. Analysis of fragment frequencies is a more direct method of evaluating population integrity, which does not mask intrapopulation variability. The impact of selection on populations can be interpreted directly in terms of changes in marker frequencies. Breeding and deliberate selection result in gene frequency changes and corresponding marker frequency changes occur due to drift or linkage to selected genes. Selection and drift can explain the distinctiveness of '5473', '5931', and 'Green Globe', despite the fact that '5473' and '5931' are half-sib families derived from a set of selected high yielding 'Green Globe' clones.
Genetic diversity. Genetic diversity is important to the breeder since the genetic variation present in breeding populations ultimately determines the potential for making gains from selection. Mean genetic distance within populations (Table  3) showed that the population samples surveyed in this study have a varying degree of variation and could be ranked. A oneway analysis of variance using Hs values (Table 3) showed a significant F ratio (13.55) indicating the presence of significantly different levels of diversity among populations. Fisher's LSD showed no significant difference between any nearest ranked neighbor except for '5473' and 'Big Heart' (P > 0.046).
Similar results were obtained when the diversity analysis was based on genetic distance, gene diversity, and the number of polymorphic bands per primer. However, when comparisons of diversity were restricted to bands polymorphic within populations, significant differences among populations were not found (F = 1.14, Table 3 ). Furthermore, eight individuals were sampled from the '5473' population, which was the most diverse, while only five individuals were sampled from 'Green Globe', which ranked the lowest in terms of RAPD marker diversity. Thus, average gene diversity was correlated with the number of bands polymorphic within a cultivar and the number of individuals in a population. These relationships are important because, by chance, more polymorphic bands and, hence, a greater estimated gene diversity might be expected for larger samples of individuals, especially for small sample sizes. Taken together, these results suggest that differences among populations may be an artifact of sample size. To test this hypothesis, an additional analysis was performed in which samples of equal size were taken from each population. ANOVAs were computed for Hs for a random sample of 2000 sets containing five individuals from each population. All F tests were highly significant. Furthermore, in 97.6% (1952) of the analyses, the populations were ranked as in Table 3 . Remarkably, the mean F, averaged over all 2000 ANOVAs, was identical to the F value previously obtained based on unequal sample sizes. Thus, we can conclude that differences among these population samples were not effected by unequal sample size. However, in this experiment, only five to eight individuals were evaluated per population. The low sample sizes, especially for 'Green Globe', may have narrowed the range of detectable diversity in a sample. Such samples could only detect the most polymorphic loci with reasonable probability. Thus, due to small sample size, the ranking of the five populations, based on the samples studied, must be considered preliminary. In addition, since one consequence of the heterogeneous and heterozygous nature of artichoke cultivars may be the divergence of different populations of the same cultivar, surveys of larger numbers of populations are recommended. For example, 'Green Globe' populations with similar cultivation histories may be genetically distinct from other 'Green Globe' populations. The results presented here demonstrate that RAPD markers can be used to address such questions.
We would expect uniform commercial populations to show reduced variability for markers. 'Imperial Star' and 'Green Globe' show similar low levels of RAPD variability. The variability observed in the vegetatively propagated 'Green Globe' was attributed to heterogeneity among clones, which is consistent with its multiclonal composition (De Vos, 1986 ). However, '5473' and '5931' were selected from a base population consisting of 100 high-yielding 'Green Globe' clones, yet the variability indicated for these two breeding populations was greater than that for 'Green Globe'. Furthermore, some RAPD alleles present in the breeding populations were not present in the sample of five 'Green Globe' clones. There are two possible explanations for this result. First, the five green globe clones used in this study were not selected out of the same population of 100 'Green Globe' clones used to develop the two breeding populations. Second, a sample of only five individuals likely resulted in a failure to sample the full range of diversity represented by the 100 clones from which the two breeding populations were developed. The marginal difference (P > 0.046) between '5473' and 'Big Heart' for Nei's Hs and the absence of a difference between 'Big Heart' and '5931' shows the level of variability available in 'Big Heart' as a population. This variability is consistent with broad adaptation of the 'Big Heart' population. The high degree of variability in the breeding population '5473', and to a lesser extent '5931', is consistent with additional refinements in progress before their release. Additional selection with in these breeding populations would also improve their RAPD integrity and better differentiate them from 'Green Globe'.
Conclusions
RAPD data were used to estimate genetic relationships within and among samples of individuals representing five artichoke populations. The pooled chi-square analysis of RAPD marker frequencies and the MDS analysis of the genetic distance matrix showed all population samples to be clearly defined. Increasing the number of polymorphic primers would improve estimates of genetic relationships among individual capitula within a population. Based on small samples of individuals, significant differences among populations for Nei's Hs were found. However, increasing the number of individuals per population would facilitate more precise estimates of population diversity. All individuals sampled from all populations were distinguishable with the RAPD markers used in this study. The level of variability present in artichoke cultivars has significant implications for cultivar identification and maintenance of cultivar integrity. The results demonstrate the utility of RAPD markers for contrasting levels of diversity within artichoke populations.
